The volumetric properties of highly-charged defect-free polyelectrolyte networks with tetrafunctional crosslinks are studied through molecular dynamics simulations in the canonical ensemble. The network backbone monomers, which are monovalent, and the counterions, which are mono-, di-, or trivalent, are modeled explicitly in the simulations, but the solvent is treated implicitly as a dielectric medium of good solvation quality. The osmotic pressure of the network-solvent system is found to depend greatly on the strength of electrostatic interactions. Discontinuous volume phase transitions are observed when the electrostatic interactions are strong, and the onset of these transitions shifts to higher solvent dielectricity as the counterion valency increases. The roles of the various virial contributions to the osmotic pressure are examined. The network elasticity entropy is found to behave nearly classically. As the network contracts and collapses with increasing strength of electrostatic interactions, the loss of counterion entropy leads to increased counterion osmotic pressure contributions via two mechanisms. The reduction in available configurational space increases the counterion translational entropy contribution to the ideal part of the osmotic pressure, and the greater number of counterion-monomer contacts formed due to counterion condensation and confinement increases the counterion excluded-volume entropy contribution to the excess part of the osmotic pressure. These observations contrast the decrease in the single ideal-gas-like counterion translational entropy contribution to the osmotic pressure predicted by the counterion condensationcharge renormalization theory. An accompanying decrease in the total electrostatic energy balances the loss of counterion excluded-volume entropy as the polyelectrolyte networks collapse in low-dielectric solvents. This interplay between the electrostatic energy and the counterion excluded-volume entropy appears to be responsible for the discontinuous volume phase transitions that are observed in polyelectrolyte networks. The structure of the polyelectrolyte network is also found to be affine in the swollen state, with constituent chains nearly fully extended, and nonaffine in the collapsed state, with the chains adopting a Gaussian conformation.
I. INTRODUCTION
A crosslinked polyelectrolyte network consists of a chemically and permanently crosslinked backbone of polyelectrolyte chains with ionizable functional groups. Counterions that dissociate from these ionizable groups are entrapped within the network and ensure its overall electrical neutrality. The solvent that fills the interstitial space of the network may also contain other dissolved salts. Crosslinked polyelectrolyte networks that are swollen with an absorbed solvent are referred to as crosslinked polyelectrolyte gels.
Natural polyelectrolyte gels are found in living organisms where they have biochemical functions such as the regulation of the transport and storage of water and electrolytes, or mechanical functions such as lubrication and shock protection.
1 Synthetic polyelectrolyte gels have been manufactured industrially for many applications. The most wellknown use of synthetic polyelectrolyte gels is in superabsorbent materials for hygienic and medical products, which capitalize on the ability of the gel to absorb a large amount of water and swell hundredfold in volume. [2] [3] [4] [5] Other applications include uses as surfactants and flocculants in water treatment, as microcapsules for drugs or fertilizers, as enzyme immobilization matrices in bioreactors, as agents used in the separation and purifcation of proteins, and as electrolyte media in batteries. [2] [3] [4] [5] While the swelling behavior of weakly-charged polyelectrolyte networks manifests as a continuous volume transition, as it is in neutral polymer networks or gels, the volume transition of highly-charged polyelectrolyte networks is known to be discontinuous and of first order, the onset of which depends on factors including temperature, pressure, solvent composition, exposure to light or to electric fields, 1, 6 and application of tensile forces. [7] [8] [9] [10] A series of reports on the experimental observation of the discontinuous volume a͒ Present address: Synopsys, Inc., 2025 NW Cornelius Pass Rd., Hillsboro, OR 97124 b͒ Author to whom correspondence should be addressed. Electronic mail: depablo@engr.wisc.edu phase transition in polyacrylamide and polyacrylic acid networks was first presented by Tanaka et al. 1, 6, [11] [12] [13] A general theoretical prediction of the volume phase transition phenomenon in polymer networks formed by crosslinking linear polymer chains that are swollen in a solvent had been presented by Dušek and Patterson, 14 and several theoretical models concerning phase transitions in polyelectrolyte gels had been presented earlier by Hill in the context of muscle contraction and the ␣-␤ transformation in fibrous proteins. [7] [8] [9] Theories on neutral polymer networks are relatively well established [15] [16] [17] [18] and have been verified by computer simulation studies. [19] [20] [21] [22] [23] [24] The development of theories on linear polyelectrolyte chains and on polyelectrolyte networks, however, has emerged more slowly. The principal difficulty in dealing with polyelectrolytes lies in the treatment of long-range electrostatic interactions, which has necessitated the use of approximate models. [25] [26] [27] [28] [29] [30] [31] [32] [33] During the last 15 years, computer simulations of linear polyelectrolyte chains have allowed researchers to assess the validity of these approximations. [34] [35] [36] [37] [38] [39] [40] For polyelectrolyte networks, much of past theoretical work has focused on the swelling behavior of polyelectrolyte gels. The network elasticity, polymer-solvent mixing, and counterion translational entropy contributions to the free energy are generally assumed to be separable and additive. 9, 13, 15, [41] [42] [43] Treatments of the swelling behavior of polyelectrolyte gels often idealize the polymer-polymer and polymer-solvent interactions and neglect the electrostatic interactions within and between constituent polyelectrolyte chains, leading to the assumption that the chain conformations are Gaussian and that the positions of crosslink nodes follow the extension of the entire network according to the principle of affine deformation. 12, 13, 15 To improve upon these assumptions, Hooper and co-workers introduced additional types of monomer and solvent contact sites into the conventional lattice-mixing theory to account for the effects of hydrogen bonding in hydrophilic polymer solutions and hydrogels. 44, 45 Marchetti et al. also included empty lattice sites in the lattice-mixing model to allow for the volume compressibility required to predict the lower consolute volume phase transition observed in certain temperaturesensitive nonionic hydrogels. 46, 47 Otherwise, the electrostatic effects between charged sites in polyelectrolyte gels have generally been considered insofar as they impose an electroneutrality constraint that confines counterions within the oppositely charged backbone network; this condition is analogous to that of a Donnan membrane equilibrium and gives rise to an ideal-gas-like counterion translational entropy term. 11, 13, 15, 48 Network elasticity and counterion translational entropy give rise to smooth volume transitions in polyelectrolyte networks and show that polyelectrolyte gels have greater swelling capacity than their neutral counterparts. Discontinuous volume phase transitions have been predicted in polyelectrolyte networks when poor polymer-solvent mixing interactions are also included in the analysis ͑without considering electrostatics beyond the Donnan equilibria analogy stated previously͒, 11 but the reason for the transition in such networks should be attributed to the tendency for backbone monomers to aggregate, the same reason for which the transitions are predicted and observed in neutral polymer networks. 22, 49 Only a few numerical simulations of polyelectrolyte networks and gels have so far been reported in literature. The Monte Carlo simulation by Aalberts employed the bondfluctuation model to represent crosslinked chains on a twodimensional lattice without explicitly considering counterions. 50 Our previous work using three-dimensional lattice-based Monte Carlo simulations of large polyelectrolyte networks in the presence of explicit counterions showed the first numerical evidence of discontinuous volume phase transitions in polyelectrolyte networks. 51 Schneider and coworkers presented continuum-space Monte Carlo simulations of smaller samples of polyelectrolyte gels [52] [53] [54] [55] in which they investigated the swelling behavior of polyelectrolyte gels with respect to various parameters. Their more recent results showed discontinuous volume phase transitions in polyelectrolyte networks consisting of crosslinked 20-mer polyelectrolyte chains, particularly in cases where the dielectric constant of the implicit solvent was small and a short-range attraction between backbone monomers was provided using a square-well potential. Mann et al. recently presented scaling relations for the equilibrium swelling of polyelectrolyte gels of various chain lengths and charge densities with monovalent counterions using data generated from canonical and isothermal-iso-osmotic molecular dynamics simulations. 56, 57 In developing these scaling relations, they calculated an effective counterion osmotic pressure based on the renormalization of charges due to counterion condensation, but their work did not address the issue of volume phase transitions. The first report on simulations of polyelectrolyte networks with explicit counterions and explicit solvent particles is that by Lu and Hentschke. They used a two-box-particle transfer molecular dynamics method to simulate an extremely highly crosslinked network of monomeric chains in equilibrium with a dipolar Stockmayer solvent. 58 In this work we use molecular dynamics simulations in the canonical ensemble to simulate highly-charged polyelectrolyte networks with explicit mono-, di-, or trivalent counterions in an implicit solvent of good solvation quality and adjustable dielectricity. Using the data generated by these simulations, we gain some insight into the driving forces that appear to be responsible for the discontinuous volume phase transition observed in polyelectrolyte networks and reveal some structural aspects of polyelectrolyte networks in the swollen and collapsed states. Based on these observations and analysis, we comment on the validity of the assumptions implicit in various theoretical treatments.
II. MODEL AND SIMULATION METHOD
The model considered in this work consists of a defectfree crosslinked network of polyelectrolyte chains forming a diamond-lattice tetrahedral topology, the same as the topology used in several previous numerical studies. [51] [52] [53] [54] [55] [56] [57] Eight tetrafunctional nodes and 16 linear polyelectrolyte chains of 98 or 99 monomers ͑depending on the valency of the counterions͒ crosslinked at the ends make up one topologically repeatable unit cell of the network for the purpose of applying the periodic boundary condition. Each monomer on the crosslinked backbone is anionic and monovalent, and an appropriate number of oppositely charged mono-, di-, or trivalent counterions ͑q i =1, 2, 3͒ ensures the electroneutrality of the system. Otherwise, our model resembles the restricted primitive model of electrolytes 9, 59 insofar as all particles have the same diameter and the same mass m, and the solvent is treated as an implicit dielectric continuum with dielectric constant ⑀. The particles, however, are modeled as soft spheres rather than hard spheres, as explained below. Because of the computational demands of calculating the electrostatic interactions, we performed most simulations on systems consisting of a single repeatable unit cell; several simulations of larger cubic assemblages of eight unit cells, run for shorter simulation times, gave results that were consistent with those of the single-unit-cell systems. In all cases periodic boundary conditions were applied to simulate a network of infinite size.
The total potential energy of the system includes three contributions. The short-range interaction between any two particles separated by a distance r is modeled by the WeeksChandler-Andersen ͑WCA͒ potential [60] [61] [62] 
·
The purely repulsive nature of this interaction implies that the particles are immersed in a good solvent. 36, 37 The polyelectrolyte chains are modeled as freely jointed chains whose monomers are connected by finitely extendible nonlinear elastic ͑FENE͒ springs. The energy of a FENE bond is given by 63, 64 
In our simulations, the FENE spring constant is k bond =10k B T / 2 ; the maximum bond length is r bond = 1.5, thereby ensuring that the constituent chains cannot cross through one another. The electrostatic energy between two electrically charged particles of valencies q 1 and q 2 and separated by a distance r is
where = e 2 /4⑀k B T is the Bjerrum length, e is the elementary charge, and ⑀ is the effective dielectric constant of the solvent. The Bjerrum length, at which distance two unit charges have an interaction energy ±k B T, provides a measure of the strength of electrostatic energy relative to the thermal energy of the system. The electrostatic interactions are evaluated using an optimized Ewald summation method, [65] [66] [67] [68] typically with a real-space cutoff of 0.3V 1/3 = 0.3L, a reciprocalspace cutoff of 10, and an Ewald convergence parameter of 10V −1/3 =10/L to ensure a relative error of less than 1 ϫ 10 −4 in the electrostatic energy.
The molecular dynamics simulations are performed in the canonical ensemble where the integration of the equations of motion is carried out using the Nosé-Hoover chains algorithm. 67, 69, 70 The size of the time steps used depends on the stiffness of the system and falls between / 1024 and / 128, where = ͱ m / . The Nosé-Hoover thermostat is set at T = / k B . Most of the data points are obtained from multiple simulations each lasting at least 8 ϫ 10 6 time steps. The initial configuration is constructed at a low density by placing the crosslink nodes onto a diamond lattice and then connecting them with straight polyelectrolyte chains. The system is then gradually compressed to the desired density and allowed to equilibrate before sample statistics are collected. Figure 1 shows the osmotic pressure of polyelectrolyte networks with mono-, di-, and trivalent counterions as a function of the network density and the Bjerrum length, at a temperature of k B T / = 1. The osmotic pressure is calculated as
III. RESULTS AND DISCUSSION
= ͑ nw + i ͒k B T + 1 3V ͩ ͚ bond ͗r · F͘ bond + ͚ WCA ͗r · F͘ WCA + ͗U elec ͘ ͪ .
͑1͒
In Equation ͑1͒, nw and i are the number densities of the network backbone monomers and of the counterions. The two ͗r · F͘ terms and ͗U elec ͘ are the virial terms due to FENE bonds, the WCA dispersion, and the Coulombic interactions. For a polyelectrolyte network to be in thermodynamic equilibrium with an implicit solvent bath, the free energy F of the entire network-counterion-solvent system must be at a minimum; thus
and the osmotic pressure must be identically zero. If Ͼ 0, the network swells by absorbing solvent until the osmotic pressure reduces to zero. If Ͻ 0, then the system is unstable and contracts by expelling pure solvent until the osmotic pressure rises to zero. In the low-density limit, the isotherms approach a large negative osmotic pressure and elastic forces dominate the behavior of the forcibly expanded network. At high densities the osmotic pressure tends to a large positive value due to excluded-volume repulsions between the particles. Simulation of polyelectrolyte networks near these extreme limits is difficult inasmuch as the system becomes stiff in the former case and is possibly confined to a local part of phase space in the latter. The volume transitions of interest occur in more moderate ranges of density, and it is on these conditions that we focus our discussion.
A. Osmotic pressure and volumetric behavior
The osmotic pressure-density relationship shown in Fig. 1 exhibits a strong dependency on the strength of electrostatic interactions and on the valency of the counterions. At short Bjerrum lengths , which implies a solvent with a large dielectric constant ⑀, the osmotic pressure along an isotherm increases monotonically as a function of density. The isotherm intersects = 0 at a low density, indicating that the network is swollen at equilibrium. As the strength of the electrostatic interactions increases due to an increase in either the Bjerrum length or in the valency of the counterions, the isotherms shift to lower osmotic pressures and the equilibrium state point of the swollen gel moves along the =0 line to higher densities. For a given Bjerrum length, the lowering of the osmotic pressure is more pronounced for the higher counterion valency than it is for the lower valency. At long Bjerrum lengths the isotherms intersect = 0 at relatively high densities where the networks assume a collapsed state at equilibrium.
We should point out that the purpose of our deliberate adjustment of the Bjerrum length in these simulations, without making any change to the repulsive WCA dispersion interaction between particles, is to isolate the effect of the strength of electrostatic interactions on the overall behavior of hydrophilic polyelectrolyte networks. Variations in the Bjerrum length alone cannot capture entirely the effects of changes in the solvent quality or the addition of salt. A change in the solvent quality in actual physical experiments, such as the dilution of water using acetone in Tanaka's early experiments, 11, 12 would necessarily entail changes in both the solvent dielectricity and the interparticle dispersion interactions; in such cases both the Bjerrum length and the hydrophobicity of the network backbone would increase with increasing acetone concentration in the solvent. Simulations in the context of added salts, which may also involve modifications in the Bjerrum length and the dispersion interactions, will also require independent simulations of the salt solutions without the presence of the polyelectrolyte network, so that the chemical potentials of the salt species can be equated inside and outside the polyelectrolyte network in order to establish thermodynamic equilibria. 55 The equilibrium state points on the = 0 abscissae in Fig. 1 are extracted and plotted in Fig. 2 to show more clearly the dependency of the equilibrium volumetric behavior of the networks on the Bjerrum length and on the counterion valency.
B. Van der Waals instability and volume phase transition
When the strength of the electrostatic interactions is sufficiently strong, an unstable region where ‫ץ͑‬ / ‫͒ץ‬ T, Ͻ 0 develops along the isotherms. This is illustrated in the isotherms for / = 7, 10, and 12 when q i = 1, for / = 3 and 5 when q i = 2, and for / = 2 and 3 when q i = 3 in Fig. 1 . In theory a Maxwell equal-area construction can be performed in this van der Waals loop, from which two state points of equal free energy can be found at the two ends of the tie-line. Only for a particular Bjerrum length trans does the constructed Maxwell tie-line coincide exactly with =0; in this special case the two end points correspond to the actual equilibrium states at the two ends of the discontinuous volume phase transition of the network. In practice the value of trans is unknown and cannot be isolated using numerical simulation techniques. Unlike the case for vapor-liquid equilibria, the swollen and collapsed equilibrium states cannot coexist in a real macroscopic network because of the elastic resistance against phase nucleation. 42 The polyelectrolyte network will either swell or collapse completely, although the kinetics for such transitions is known to be very slow. 12 For any other isotherm of Bjerrum lengths trans , whose van der Waals loop crosses the = 0 line multiple times, both stable equilibrium and metastable states may exist.
7,12,54 Schneider and Linse were able to locate several of these metastable states using Monte Carlo simulations. 54 We believe that the metastable states reported in their work are enhanced by the smaller size of their simulated systems and by the attractive square-well potential interaction that they use for monomer-monomer pairs.
C. Swelling-collapse mechanism
In order to gain a better understanding of the mechanism that causes discontinuous volume phase transitions in polyelectrolyte networks, we draw an analogy to vapor-liquid equilibria in simple fluids and examine the interplay between various contributions to the osmotic pressure and to the virial of the system as we vary the Bjerrum length and density along the equilibrium line = 0. In simple fluids, the coexistence of liquid and vapor in equilibrium is necessarily governed by a balance of energetic and entropic effects in the system: the higher energy in the vapor phase is balanced by a greater entropy while the lesser entropy in the liquid phase is balanced by the lower energy. A similar balance occurs between energy and entropy in the discontinuous volume phase transitions of polyelectrolyte networks.
According to classical theories on rubber elasticity, the swelling of neutral polymer networks is governed by the balance between two effects: the elasticity of the polymer network and the osmotic pressure of an equilvalent polymer solution at the same monomer concentration. Both of these effects are entropic in origin, and their associated entropies depend monotonically on the density: the former tends to contract the network while the latter tends to expand it. 15 Several theories concerning the swelling of polyelectrolyte gels have built on this framework, replacing the osmotic pressure of the equivalent polymer solution by an osmotic pressure term that corresponds to the translational entropy of the counterions. 15 By virtue of the typically large concentration of counterions in a polyelectrolyte network system, the network elasticity must yield to a greater expansive force than is found in neutral networks, and a greater degree of swelling is therefore predicted in polyelectrolyte gels. As an extension to this theoretical framework, a decrease in the osmotic pressure contribution associated with the counterion translational entropy as the Bjerrum length increases has been suggested based on counterion condensation and charge renormalization considerations. 54, 56, 57 As we shall show later, such an interpretation does not take into consideration the energetic effects of the electrostatic interactions, which play a significant role in discontinuous volume phase transitions in polyelectrolyte networks.
By assuming that the various contributions to the system free energy are additive, which is the inherent assumption made in molecular dynamics or Monte Carlo simulations, the equilibrium condition for the network-solvent system stated in Eq. ͑2͒ becomes In Eqs. ͑3͒ and ͑4͒ the abbreviations id, ex, nw, ev, elec, m , i, mm, ii, and im refer to ideal, excess, network, excluded volume, electrostatic, monomer, counterion, monomer-monomer pair, counterion-counterion pair, and counterion-monomer pair, respectively. The term id = k B T = ͑ nw + i ͒k B T Ͼ 0 represents the ideal entropic contribution to the osmotic pressure arising from the intrinsic translational degrees of freedom of the backbone monomers and the counterions. It follows from Eq. ͑3͒ that the excess osmotic pressure must be negative under equilibrium conditions, i.e., ex = ͑ nw + i ev + elec ͒ =− id =−k B T Ͻ 0, and it must include the energetic effects of the system in order to predict discontinuous volume phase transitions in the network.
In their recent scaling analysis on the swelling in polyelectrolyte networks, Mann et al. 57 regrouped the various terms in Eqs. ͑3͒ and ͑4͒ into two groups: a network gel term and a counterion gas term. Such a partition follows naturally from the aforementioned theoretical framework established by Flory. 15 To examine the interplay between the various excess terms which contribute to the osmotic pressure, we prefer to maintain the three-part nw + i ev + elec breakdown of the excess term in Eq. ͑3͒ and find it useful to normalize Eq. ͑3͒ with respect to k B T to obtain
The three quantities 
are normalized internal virials 66 and include the constant factor of 1 / 3 that appeared earlier in Eq. ͑1͒. The daggers next to the operators in Eq. ͑6͒ indicate that the summations include only short-range interaction terms for which r / Ͻ ͱ 6 2.
Whereas the osmotic pressure terms in Eq. ͑3͒ span several orders of magnitude in range because of the density scaling, the normalized virial terms in Eqs. ͑5͒ and ͑6͒ all fall within an order of magnitude and are easier to analyze and interpret.
The values of the three virial terms in Eq. ͑6͒, readily available from the results of molecular dynamics simulations, are plotted against the Bjerrum length in Fig. 3 and against the total density in Fig. 4 . Both figures show that w i ev and w elec arising from the counterion excluded volume and the electrostatic interactions approximately cancel each other, essentially leaving the network elasticity w nw ϳ −k B T alone to balance the ideal term in Eq. ͑5͒. Furthermore, the magnitudes of both w i ev and w elec are small at short Bjerrum lengths and low densities where the network is swollen, and the corresponding osmotic pressure terms i ev and elec have even smaller magnitudes because of the multiplication by density. Given the small magnitudes of and the cancellation between w i ev and w elec , the swelling behavior of weaklycharged polyelectrolyte gels has been explained with apparent success in terms of the balance between an ideal-gas-like counterion osmotic pressure and the network elasticity. 56, 57 The relative invariance in the network virial term w nw with respect to both the Bjerrum length and the density in Figs. 3 and 4 is actually consistent with classical rubber theory in that the elastic energy and, by extension, the normalized elastic virial w nw are independent of the network density . The entropic nature of the network contribution enters through the multiplication of w nw by the total density to give the corresponding osmotic pressure term nw = w nw . Inasmuch as w nw ϳ −k B T, the resulting osmotic pressure contribution nw ϳ −k B T ϳ − id reflects the nearly ideal increase in network entropy as the density increases and the constituent chains in the network are allowed to relax in a larger conformational space. The deviation of w nw from the ideal neutral network value of −k B T in Figs. 3 and 4 is due to the fact that w nw , which includes only direct contributions from FENE bond interactions ͑w bond ͒ and monomermonomer excluded-volume interactions ͑w mm ev ͒, as shown in Eq. ͑6a͒, is not entirely independent of electrostatic effects. The electrostatic repulsion between adjacent monomers increases the bond length, which decreases w bond and causes w nw to be less than −k B T; this effect becomes more pronounced as the Bjerrum length increases, resulting in the slightly negative slopes of w nw for q i = 1 and 2 in Fig. 3 . In the case of q i = 3, however, the electrostatic repulsion between monomers is more effectively screened by the trivalent counterions, such that w nw is essentially constant for all values of the Bjerrum length and the density.
The positive slope of the curves for the counterion excluded-volume virial w i ev in Figs. 3 and 4 reflects the loss of entropy due to the condensation and eventual confinement of counterions as the networks are reduced from swollen states to collapsed states. It is important to realize that the overall loss of counterion entropy as the network contracts and collapses consists of two parts: the loss of translational entropy due to the reduction of the available physical volume and hence configurational space of the system, and the loss of excluded-volume entropy due to the lesser mobility of the counterions because of condensation and confinement. Of these two types of counterion entropy losses, the former is associated with an increase in the ideal osmotic pressure contribution i id which is proportional to the density , while the latter is correlated to an increase in im ev that depends on the number of counterion-monomer contacts formed. This dependency on the number of counterion-monomer contacts formed in the latter case is the reason for the positive slope of w i ev in Figs. 3 and 4 . The condensation of counterions does not therefore decrease the counterion translational entropy contribution to the osmotic pressure, in contrast with the ideal-gas and charge renormalization descriptions of counterions in polyelectrolyte gels recently proposed in literature. 54, 56, 57 With both w nw and w i ev being attributed to entropic effects, we find that the remaining term w elec embodies important energetic effects in polyelectrolyte networks. By definition of the internal virial we have w elec ϰ ͗U elec ͘, so the osmotic pressure contribution arising from electrostatic interactions is closely associated with the energetics of the system. The electrostatic virial w elec decreases as the Bjerrum length and density increase because of greater electrostatic cohesion and more effective screening of charges in the system.
While the variation in each of the three virial terms appears to be almost linear with respect to the Bjerrum length in Fig. 3 , abrupt changes in the shapes of the curves corresponding to the discontinuous volume phase transitions are revealed clearly in Fig. 4 , and the interplay between energy and entropy becomes evident near the transition. With reference to the graph for q i = 1 in Fig. 4 , we note that the discontinuous volume phase transition occurs somewhere between the swollen state near =6 and the collapsed state near =7. The annotations of E + , E − , S + , and S − near these two states on the graph refer qualitatively to the energy and the entropy of the two states. In the swollen state, the unfavorably higher electrostatic energy ͑E + ͒ is largely compensated for by the greater counterion excluded-volume entropy ͑S + ͒; in the collapsed state, the lower electrostatic energy ͑E − ͒ balances the loss of counterion excluded-volume entropy ͑S − ͒. It is also interesting to note that this energy-entropy interplay involves both long-range electrostatic interactions and short-range excluded-volume interactions.
D. Structural features
The discontinous volume phase transitions in polyelectrolyte networks also appear to be evident when we examine certain structural aspects of the network backbone. The single-chain structure factors S͑k͒ for the various polyelectrolyte networks, normalized with respect to the chain length, are shown in Fig. 5 . The single-chain structure factors in the swollen states ͑solid curves͒ give Flory exponents in the range of 0.8-1, while in the collapsed states ͑dashed curves͒ they give Flory exponents in the range of 0.45-0.5. Hence the network backbone chains take on nearly Gaussian conformations in collapsed networks but have globally extended conformations in swollen gels. This result is inconsistent with the Gaussian chain ideality assumed in the FloryRehner network. 15 In Fig. 6 we show the radial distribution function g nn ͑r͒ for crosslink node-crosslink node pairs, where the abscissa has been normalized with respect to the length of the unit cell L. The radial distribution functions for swollen gels all show distinctive peaks at ͱ 3L /4 Ϸ 0.433L , ͱ 2L /2Ϸ 0.707L, and ͱ 11L /4Ϸ 0.829L, characteristic of the diamond lattice ͑solid curves͒, but for collapsed networks the radial distributions almost universally collapse into master curves ͑dashed curves͒. The affine network as- FIG. 4 . Variations in the terms of the internal virial w with respect to total density under equilibrium conditions. The numbers next to the symbols along the upper curve are the values of the Bjerrum length for the three data points at that density. sumption would therefore seem to hold in swollen polyelectrolyte gels, but clearly not in collapsed polyelectrolyte networks.
IV. SUMMARY
We performed molecular dynamics simulations of highly-charged defect-free crosslinked polyelectrolyte networks with explicit mono-, di-, or trivalent counterions in good solvent of various dielectricities. In spite of the simplicity of the model, we are able to observe evidence of discontinuous volume phase transitions in polyelectrolyte networks. A detailed examination of the virial terms contributing to the osmotic pressure reveals several important insights into the physical origin of these transitions. The elasticity of polyelectrolyte networks is primarily an entropic effect and is qualitatively consistent with the description of ideal entropic networks. The loss of counterion entropy due to increased strength of the electrostatic interactions and the accompanying network contraction or collapse results in increased contributions to both the ideal and excess parts of the osmotic pressure. The overall electrostatic interactions between the charged monomers and counterions are energetic in nature; the resulting cohesion balances the loss of counterion entropy, providing the necessary thermodynamic basis that gives rise to the discontinuous volume phase transitions in polyelectrolyte networks. Finally, an examination of the structure of swollen polyelectrolyte networks shows that the swollen gels are affine networks consisting of wellextended constituent chains, while in the collapsed state the network chains are nearly Gaussian and the topology is not affine.
